Fireside corrosion management in energy-from-waste (EfW) boilers is the leading cost of boiler maintenance. The combustion of refuse-derived fuel (RDF) processed from municipal solid waste in a boiler for power generation produces a very corrosive environment for boiler tube materials. Water wall corrosion has been greatly reduced by the use of Alloy 625 overlay in the highest corrosion areas. This paper will describe the progression of water wall corrosion up the boiler walls and novel attempts to reduce this problem. This paper presents an updated case study conducted at the Great River Energy plant in Elk River, MN from 2003-2009 on corrosion management. Areas to be addressed are protection of exposed carbon steel water wall tubes, management of Alloy 625 weld overlay on the water walls and corrosion in the high temperature superheat sections. Methods for testing and maintaining the corrosion resistant Alloy 625 cladding are reviewed. High temperature superheat material selection and shielding are reviewed with information leading to a cost effective solution that requires superheat replacement every three years with very few tube failures between replacements.
INTRODUCTION
Great River Energy's Elk River Station (ERS) Units 1 and 2 were constructed in 1951 and Unit 3 in 1959 and operated as base loaded coal plants. In 1989, all three units at Elk River Station were successfully converted from coal/natural gas to 100 percent RDF firing. The boilers are designed to run at 615 psig (4. Numerous modifications to the boilers were required to burn RDF. The principal modification increased the height of the furnace. At the time of the modification, it was thought the longer furnace would allow the exit gas temperatures to be reduced enough that high temperature superheat corrosion would not be a major problem. Initial operation on RDF was acceptable with spot UT readings on the water walls showing no large scale corrosion. Unfortunately, after less than one year, extensive thinning of the water walls was detected. The rapid corrosion was combated by weld overlaying a layer of Alloy 625 to the first 15 feet (4.7 m) of the furnace walls.
High Temperature Superheater Wear
High temperature superheat wear has become critical in boiler maintenance. The original set of high temperature superheat elements installed at ERS lasted approximately 7 years. The second superheater lasted about 3 years and the next about 2 years. Severe wall loss required that every year the first two tubes closest to the sootblower were replaced and a number of other tubes were pad welded or replaced. Reaction of the tube metal to molten slag is considered the driving mechanism for high temperature superheat corrosion. Slag deposits on the superheat elements commonly contain chlorides of Fe, Zn, Pb, K and Cd, as well as eutectic phases of chlorides of these elements which exhibit very low melting points. The kinetics of the reaction between a liquid and a metal are many times faster than the gas to metal reactions. The very aggressive attack in the sootblower lane is due to erosion/corrosion of the outer layer of the tube that is in contact with a low melting point slag and the high energy cleaning medium.
Tube wear can exceed 200 mpy (5 mm/y) in the sootblower lane and 80 mpy (2 mm/y) in the body of the main pendants. Tube wear in the sootblower lane was relatively independent of tube material with 310 SS only having about a 20% reduction in wear rates as compared to T-22 material. Tube shields operate at elevated temperatures relative to the tubes due to poor heat transfer to the tubes and even higher wear rates occur. Wear rates of shields in the sootblower lane exceed 300 mpy (7.5 mm/y) and are relatively independent of the shield material. Different materials have been tested for shields including 310 SS, RA 85H, RA 253, HR-160 and Haynes 556. Results varied slightly for each shield lasting from 3-5 months, but nothing lasting a 1 year outage cycle. Typical rolled shields that are 10 gage (3 mm) thick and are constructed of 310 SS material last less than 4 months in the sootblower lane.
Some tests have been done at ERS and other facilities using MgO to modify the slag on the boiler tubes and reduce its corrosive nature. Tests at ERS did not show a significant reduction in corrosion rates while treating with MgO although the slag was much more friable and easier to remove with sootblowers.
Furnace Water Wall Erosion and Corrosion
Wear to the furnace water walls is another major contributor to boiler maintenance costs. The standard repair method to prevent tube failures is to overlay a new band of Alloy 625 cladding on the thin tubes between the old cladding and carbon steel tubing that has not seen significant wall loss. In following this yearly repair pattern, most of the furnace has been overlaid from the grates up to the roof.
Alloy 625 Corrosion Resistant Cladding
In order to prevent numerous tube failures, most EfW furnaces have been clad with Alloy 625 to provide corrosion protection. The Alloy 625 protective cladding has allowed much of the lower water walls of the furnace to remain in service with relatively few leaks and repairs. Although this layer is far more resistant to corrosion than carbon steel, it does experience wear over time. Alloy 625 wear rates of 5 mpy (0.125 mm/y) have been measured by ERS and others 2 . The original layer of Alloy 625 was applied in 1991 with a nominal thickness of 0.070-0.090 inches (1.8-2.3 mm).
With the first application of Alloy 625 over 19 years ago ERS has spent significant amounts of time and resources maintaining this protective layer. Some areas of the original cladding have worn to less than 0.010 inches (0.25 mm) thick. As the cladding layer ages, its ability to protect the carbon steel under it decreases. Maintaining the integrity of the Alloy 625 cladding is critical, as any area where the cladding has spalled off and carbon steel is exposed experiences corrosion rates in excess of 120 mpy (3 mm/y).
MODIFICATIONS TO BOILER MAINTENANCE High Temperature Superheater
Since the wear in the sootblower lane area is far greater than the general tube wear, shields were required that would last one year to allow them to be replaced during annual outage cycles. Wear rates require shields that exceed 0.300 inches (7.5 mm) thick to last in the highest wear areas. Cast tube shields were chosen because rolled shields are not available in this thickness. Cast shields made out of HD stainless cast in the shape of a "U" were selected and installed in 2003. HD stainless steel contains 27% chrome and 5% nickel with the remainder mostly iron. The shields shape allows it to protect the first two tubes. The shields are installed with heat transfer silicon carbide cement to increase cooling of the shield. The tube shields have proven to survive approximately twelve months of service. In order to get a longer life in the body of the superheat pendant, tube material with a large corrosion allowance was selected. The original tubing installed in the high temperature superheater was made from SA-178 material with a 0.220 inch (5.5 mm) minimum wall thickness. Wear in areas not directly in the sootblower lanes can still experience corrosion rates of over 80 mpy (2 mm/y). By selecting the tubing thickness with an excessive corrosion allowance, it is possible to predict that the tubes will operate for 3 years without significant failures. Tubing made from SA-T22 with a 0.300 inch (7.5 mm) minimum wall thickness was selected and installed without measurable loss in boiler performance. Although the average wear rates in the superheater area for SA-178 and SA-T22 material are similar, SA-T22 showed fewer areas of localized accelerated corrosion. Tubing constructed of 310 stainless steel showed lower wear rates, but was not considered cost effective.
Reducing localized corrosion spots in the superheater pendants is critical to getting a predictable life for the entire bank. Typical sootblowers are run on a timing gear that operates the sootblower through the same cleaning pattern with every operation. This mode of operation can lead to localized erosion of the superheat tubes even deep into the bundle. A modification can be made to the sootblower carriage timing rack that skips a tooth after every cleaning cycle. The modification makes the sootblower travel in a non-repeating pattern. Wall thickness data on the superheaters from 2005 to 2009 indicate that the wear tended to average out with fewer high wear areas deep in the superheater pendants. Wear on the superheater pendants was reduced from over 80 mpy (2 mm/y) to less than 50 mpy (1.3 mm/y).
By making these modifications, it was anticipated that the high temperature superheater pendants would survive three years with minimal repairs. The superheater pendants in Unit 1 and Unit 2 actually lasted over four years and in Unit 3 lasted just under 3 years. Because the measures listed above offer significant corrosion protection, NDE inspections of the high temperature superheater were greatly reduced. Only spot checking the tubes in the sootblower lanes is required. In addition the labor intensive process of major replacement of tubes closest to the sootblowers has been eliminated. This allows the replacement cycle to follow the average wear of the entire superheater instead of numerous localized unpredictable wear areas. Additional benefits include the reduction of the number of field welds by more than 75%. Between 2003 and 2009 superheater leaks were almost eliminated. Unit 3 had a few premature leaks before the pendants were replaced in November of 2007. It is estimated that these modifications have saved the plant over $130,000 per year during this period.
Furnace Water Walls
The corrosion rates on the furnace walls are always highest on the steel closest to the transition from the Alloy 625 cladding. Areas far from the cladding line show no excessive wear. Because iron is very easily oxidized, it was theorized that if the furnace gas was allowed to contact non-pressure part, sacrificial iron before the carbon steel to Alloy 625 interface on the wall, the corrosion would occur on the sacrificial iron and not on the wall tubes. Wall thickness data was used to calculate that approximately 1000 lbs (454 kg) of iron was lost from the water wall adjacent to the Alloy 625 interface in one year. It was speculated that the available sacrificial steel was being oxidized by the chlorine in the gas so that the chlorine was not available to react with the carbon steel wall. This cannot be the primary method of protection because there is still a large excess of chlorine available.
Fe + 3Cl Y FeCl 3
RDF contains approximately 0.5% Cl. ERS Unit 3 burns 500 tons per day of RDF. If all the Cl were converted to FeCl 3 , it would require about 110 lbs (50 kg) of iron per hour. It is apparent that the small amount of iron in the bars cannot affect
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The selection of the boundaries of the Alloy 625 cladding is critical. The corrosion rate of carbon steel is very high if it is isolated in area of Alloy 625. The cladding must be applied in an even fashion with a uniform transition to unprotected carbon steel. This may require that areas larger than that designated by minimum wall thickness be overlaid to maintain a uniform transition. In addition, small areas of carbon steel that are below required minimum wall thickness need to be pad welded with carbon steel. This is because a pad weld of Alloy 625 on an area that is predominantly carbon steel will experience rapid corrosion of the carbon steel at the boundary of the pad weld.
Repair and Maintenance of the Alloy 625 Cladding
The integrity of the Alloy 625 cladding is critical to the reliable operation of the boiler. An area where the Alloy 625 is thin or has cracks or holes is very susceptible to accelerated corrosion. Until recently, visual inspection of the general integrity of the surface was the only inspection method widely used. UT probes cannot reliably measure the thickness of the cladding on top of carbon steel tubes.
At ERS, a detailed mapping and testing procedure has been initiated to maintain the cladding integrity. During scheduled annual outages the thickness of the Alloy 625 cladding is measured and recorded on a grid system. The grid is laid out on every tube at one foot elevation marks. Mapping is accomplished using an Elcometer 355 meter with a ferrous probe. This probe will measure the thickness of a non-ferrous metal over a ferrous base metal.
Detailed mapping can show wear areas of immediate concern that can be repaired and also long term wear patterns that may be able to be mitigated with process controls. Table 2 shows a typical cladding thickness grid on the furnace wall. Any areas showing less than 0.030 inches (0.76 mm) of Alloy 625 require immediate repair.
Cracking or spalling of the cladding can also lead to tube leaks. Inspection for cracks and spalled areas is accomplished by first sandblasting the entire clad area to a near white finish. Figure 3 shows typical pitting on the Alloy 625 surface. The cleaned area is then sprayed with a copper sulfate spray which rapidly oxidizes any exposed carbon steel. The oxidized areas show as a bright red finish and are shown in Figure 4 as the darker areas.
Where carbon steel is exposed, the surface is prepared with a grinder and Alloy 625 reapplied. If the base carbon steel tube has excessive metal loss, it is ground down to the carbon steel layer and repaired with carbon steel welding rod. The area is then prepared with a grinder and Alloy 625 is applied as a final layer. It is critical to repair every hole, as even very small 
CONCLUSION
There are still many questions about the exact corrosion mechanisms in EfW boilers. Current information does not explain the success of installing sacrificial iron bars to the furnace wall tubes in the boilers at Elk River Station. New alloys and weld overlay materials have not yet provided an economical answer to excessive high temperature superheat corrosion.
Although it is difficult to maintain an EfW boiler and keep a high availability factor, it is possible to use available technology to manage corrosion. The life of high temperature superheaters can be extended to last into an annual outage cycle utilizing cast tube shields and tube material with excess corrosion allowance. The life of carbon steel water walls can be greatly extended by the application of Alloy 625 and use of sacrificial iron bars at the Alloy 625 interface. Furnace water walls can be repaired and Alloy 625 can be maintained for over 20 years without significant water wall section replacement. 
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